Actinorhizal plants form nitrogen-fixing root nodules in symbiosis with soil-dwelling actinobacteria within the genus Frankia, and specific Frankia taxonomic clusters nodulate plants in corresponding host infection groups. In same-soil microcosms, we observed that some host species were nodulated (Alnus glutinosa, Alnus cordata, Shepherdia argentea, Casuarina equisetifolia) while others were not (Alnus viridis, Hippophaë rhamnoides). Nodule populations were represented by eight different sequences of nifH gene fragments. Two of these sequences characterized frankiae in S. argentea nodules, and three others characterized frankiae in A. glutinosa nodules. Frankiae in A. cordata nodules were represented by five sequences, one of which was also found in nodules from A. glutinosa and C. equisetifolia, while another was detected in nodules from A. glutinosa. Quantitative PCR assays showed that vegetation generally increased the abundance of frankiae in soil, independently of the target gene (i.e., nifH or the 23S rRNA gene). Targeted Illumina sequencing of Frankia-specific nifH gene fragments detected 24 unique sequences from rhizosphere soils, 4 of which were also found in nodules, while the remaining 4 sequences in nodules were not found in soils. Seven of the 24 sequences from soils represented >90% of the reads obtained in most samples; the 2 most abundant sequences from soils were not found in root nodules, and only 2 of the sequences from soils were detected in nodules. These results demonstrate large differences between detectable Frankia populations in soil and those in root nodules, suggesting that root nodule formation is not a function of the abundance or relative diversity of specific Frankia populations in soils.
INTRODUCTION
The genus Frankia resembles nitrogen-fixing and non-nitrogen-fixing actinobacteria that live in soils (1) and can form root nodules in symbiosis with a variety of woody plants (2, 3) . Root nodule formation requires interactions between members of specific Frankia taxonomic clusters and plants of specific host infection groups. Frankiae of cluster 1 form nodules on plants of the genera Alnus, Morella, and Comptonia, with a subgroup specifically nodulating the genera Casuarina and Allocasuarina. Frankiae of cluster 2 form nodules with Ceanothus, Cercocarpus, Chamaebatia, Coriaria, Datisca, Dryas, and Purshia species, while those of cluster 3 form nodules on members of the genera Elaeagnus, Hippophaë, Shepherdia, Myrica, Morella, and Colletia (2, 4) . The last cluster, cluster 4, represents atypical, generally non-nitrogen-fixing frankiae from a variety of different host plants, including Alnus, Ceanothus, Coriaria, Datisca, Purshia, and Elaeagnus species (5,-8) .
The compatibility of frankiae with plants of specific host infection groups is very well documented (9,-11) , as is intrageneric variation in host plant compatibility with specific Frankia populations (12,-15) . Host plant species have been shown to determine the selection of Frankia strains from soil for potential nodule formation (14, 15) , with nodules of different plant species from the same genus harboring unique Frankia populations, and none of them capturing the entire diversity of nodule-forming frankiae (15) . While large differences in nodule-forming frankiae were observed for different soils on the same host plant (14) , the level of diversity in nodule-forming frankiae from individual soils was found to be low, with generally one or two populations dominating in the nodules formed (14, 16) . Comparative analyses of Frankia-specific nifH gene clone libraries from soil with root nodule populations often displayed large differences between sequences retrieved from clone libraries and those obtained from nodules; matching sequences were encountered only rarely (17) or not at all (14) .
Many of these data have been retrieved from plant bioassays in which nodule-forming frankiae were identified on roots of a specific host plant after inoculation with a soil slurry (13, 16, 18,-20) . Since root nodules represent a natural locale of enrichment of usually one Frankia population, molecular tools such as PCR-assisted sequence analyses can be used to retrieve information on Frankia populations in root nodules. The case is different for highly complex and diverse environments, such as soil with Frankia populations present in small numbers within a large and complex microbial community (21) , for which even molecular tools such as gene clone library analyses provide limited information (14, 17) . The development of Frankia-specific quantitative PCR (qPCR) (22,-24) or targeted Illumina sequencing (25) analyses now provides increasingly sophisticated molecular tools for the analyses of Frankia populations in soil.
Frankia Diversity in Host Plant Root Nodules Is Independent of Abundance or Relative Diversity of Frankia Populations in Corresponding …
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The aim of this study was to assess Frankia diversity in root nodules of different host plant species growing in the same soil and to relate this diversity to the abundance and relative distribution of indigenous frankiae in rhizosphere soils. Different actinorhizal plant species, including Alnus glutinosa, Alnus cordata, Alnus viridis, Casuarina equisetifolia, Shepherdia argentea, and Hippophaë rhamnoides, as well as the nonactinorhizal plant species Betula pendula, were grown in soil microcosms that, together with a nonvegetated control, were analyzed by Frankia-specific qPCR and Illumina sequencing in order to assess the abundance and relative distribution of indigenous frankiae in rhizosphere soils. The results were related to Frankia diversity in root nodules analyzed by PCR-assisted sequence analyses.
RESULTS
Qualitative analyses of Frankia populations in root nodules by sequencing. Healthy, surviving plants were growing with heights between 15 and 35 cm, depending on the species, and roots generally filling the entire microcosm. Root nodules were obtained for four of the seven plant species used for analyses: Alnus glutinosa (30 ± 3 nodules per microcosm; 3 microcosms), Alnus cordata (57 nodules; 1 microcosm), Casuarina equisetifolia (1 nodule; 3 microcosms), and Shepherdia argentea (23 ± 3 nodules; 2 microcosms). Alnus viridis, Hippophaë rhamnoides, and the nonhost plant Betula pendula (with 3 microcosms each) did not produce nodules ( Fig. 1 ). Sequences were obtained from 141 lobes (51 A. glutinosa, 46 A. cordata, 1 C. equisetifolia, and 43 S. argentea lobes), with a total of eight different sequences. Two distinct sequences characterized frankiae in nodules from S. argentea; three sequences characterized frankiae in nodules from A. glutinosa; and five sequences characterized frankiae in nodules from A. cordata, of which two were shared with A. glutinosa, and one sequence was identical to that obtained from C. equisetifolia (Fig. 1 ). Maximum likelihood (ML) analyses revealed that all sequences obtained from S. argentea represented frankiae of cluster 3; a minor percentage (7%) of sequences showed high similarity to Frankia elaeagni BMG5.12 (99.6% similarity), and the majority of sequences (93%) showed high similarity to strain EUN1f (98.3% similarity) ( Fig. 1 ). Frankiae of cluster 3, related to strain EAN1pec (99.4% similarity), were also found in one nodule from A. glutinosa, corresponding to 2% of the sequences in nodules of A. glutinosa. Sequences present in nodules from both A. glutinosa and A. cordata were either closely related to Frankia strain ARgP5 (99.0% similarity), representing cluster 1d (62% of the sequences from A. glutinosa and 22% of the sequences from A. cordata), or formed a separate branch within cluster 1 characterized by sequences of uncultured frankiae without cultured relatives in the database, here tentatively named cluster 1e (36% of the sequences from A. glutinosa and 62% of the sequences from A. cordata) ( Fig. 1 ). Two other distinct sequences from endophytes in nodules from A. cordata (each comprising 7% of the sequences from A. cordata) as well as the one from C. equisetifolia were assigned to this cluster as well.
Quantitative analyses of Frankia sequences in soil by qPCR. Microcosms with different vegetation harbored different numbers of Frankia cells; with any vegetation, numbers generally increased over those for a nonvegetated control (P, <0.001, except for A. viridis [P = 0.003] and a nonsignificant value for H. rhamnoides [P = 0.1]). Numbers about 4 to 5 times higher than the 10 cells (g of soil) in the nonvegetated control soil were obtained for soils with A. glutinosa, A. cordata, or C. equisetifolia, while those for the remaining plant species ranged between 2 × 10 and 3 × 10 cells (g of soil) ( Fig. 2 ). Within treatments, results were identical independently of the target gene, i.e., the nifH gene allows the retrieval of information on clusters 1 and 3 together only, and the 23S rRNA gene provides information on all four clusters representing the genus Frankia (Fig. 2) . These results suggest the absence of clusters 2 and 4, which was confirmed by specific analyses that detected frankiae only of cluster 1b, the newly assigned cluster 1e, and cluster 3; clusters 1a/d, 1c, 2, and 4 were not detected ( Fig. 2 ). All three clusters detected were present only in nonvegetated control soil and in soil vegetated with A. glutinosa, while soils with the remaining plant species generally harbored cluster 3 and a smaller population of cluster 1e frankiae.
Posttreatment microcosm soils with C. equisetifolia were an exception because they harbored cluster 1b instead of cluster 3 frankiae, and, again, a smaller population of cluster 1e frankiae ( Fig. 2 ). cordata) were identified as representing the genus Frankia (Fig. 3) . A total of 24 unique sequences (LT934508 to LT934531) were retrieved from all treatments together (Table 1) . Seven of these sequences were present in the majority of samples, and these reads combined represented generally >90% of all reads obtained (except for A. cordata [78.1%] and S. argentea [85.4%]). The majority of reads were represented by read 147378 (generally between 15 and 30%) and read 170193 (generally 45 to 60%), both of which identified cluster 3 frankiae as closest relatives but were not found in root nodules of our test plant species (Table 1) . Only two of the seven sequences were identical to those found in nodules: read 101236
represented cluster 3 frankiae (generally 3 to 5% of the reads, except for S. argentea), and read 148038 represented cluster 1e frankiae (generally 4 to 9% of the reads) ( Table 1) . Read 101236 was present in the soil and nodules of S. argentea, at high percentages for both (20% of reads from soil, 93% of reads from nodules) ( Fig. 1 and 3 ), while read 148038 was detected in the soil and nodules of A. glutinosa and C. equisetifolia, but not in soils with
A. cordata, even though it was found in 62% of the nodules on A. cordata ( Fig. 1 and 3) . Of the reads present at minor abundances (i.e., just above the threshold of 1%), two were found to be identical to those in root nodules: one represented a cluster 3 Frankia population in a nodule on A. glutinosa, and another represented cluster 1e in nodules on A. cordata but, again, was not present in soil vegetated with A. cordata ( Table 1 ). The remaining sequences were generally most closely related to sequences representing cluster 3 frankiae, with two exceptions that represented cluster 1a and 1b frankiae. 
TABLE 1
Similarity of Frankia-specific nifH reads from soil microcosms to sequences of uncultured frankiae in root nodules of different plant species grown in these soils and to sequences of closest Frankia isolates or clones
DISCUSSION
Host plant species as well as Frankia populations seem to affect nodulation capacity and subsequent plant growth performance, as demonstrated in inoculation studies where spore-producing nodule homogenates produced significantly more nodules than non-spore-producing nodule homogenates on different alder species (26, 27) . Spore-producing nodule homogenates produced twice as many nodules with A. glutinosa as with Alnus incana (26) ,
while Alnus crispa produced more than twice as many nodules as Alnus rubra and six times as many nodules as Alnus rugosa (27) . Differential root nodule formation of different alder species has been reported before, with A. rubra producing more nodules than A. incana, which ultimately produced more nodules than A. glutinosa (12) . While the opposite sequence was found for different soils, with more nodules formed on A. glutinosa than on A.
incana (13) , none of these studies reported the lack of nodulation of some species (24), meant to represent a group of highly specialized frankiae that depend on cointroduction with their exotic host plant species outside their native range (28, 29 growing on acidic soils in South Africa (31) , as well as in nodules from Morella pensylvanica, used as capture plants in bioassays to assess Frankia diversity in soils from different countries throughout the world (e.g., from Japan and Rwanda) (17) .
Soil Frankia populations showed higher abundance values in vegetated microcosms than in nonvegetated soil, indicating growth-enhancing effects of vegetation on frankiae, as demonstrated previously (21, 30, 32) . This result confirms previous results documenting that all Frankia strains tested so far grow in the rhizosphere of their host plants (33) but also potentially in that of other plants (33,-35) . The diversity of Frankia populations, however, was relatively low, with frankiae of clusters 1b, 1e, and 3 present in nonvegetated controls, and cluster 1e and 3 frankiae generally were present in vegetated microcosms only. Previous studies reported on the low diversity of Frankia populations in different soil environments, e.g., the presence of cluster 1b only in wet or even water-logged soils in natural stands of A. glutinosa (23) , clusters 1b and 3 in forest soils with A. glutinosa or nonhost plants, including Betula nigra (21, 24) , clusters 1a, 1b, and 3 in forest soils with A. glutinosa (21) , clusters 1a and 3 in microcosms with A. glutinosa or C. equisetifolia (30) , or clusters 1b, 2, 3, and 4 in prairie soils with Ceanothus species as potential host plants (24) . These studies suggest soilspecific environmental effects on Frankia populations in soils, with frankiae of clusters 1b and 3 being quite ubiquitous and independent of the presence of host plant species. Cluster 1b frankiae had been shown to grow with leaf litter of host and/or nonhost plants (33, 36) and thus could be adapted to carbon resources provided by the decomposition of plant material. Similarly, cluster 3 frankiae grew in bulk soil, in the rhizosphere, and with leaf litter, independently of matric potential and plant species, and thus represent a group with broad physiological adaptations (30) . In contrast, cluster 2 frankiae were not detected. Prior to European settlement of the study region in the early nineteenth century, the landscape encompassing the site was tallgrass prairie and oak savanna, having the native actinorhizal shrub Ceanothus americanus L. as a common component. Existing native prairie remnants contain C. americanus and the corresponding, detectable soil frankiae specific to cluster 2 (24) . It has been speculated that cluster 2 frankiae depend on their host plants for growth and establishment (24, 37) , and thus, the conversion of native vegetation almost entirely to agricultural and urban uses, primarily the cultivation of maize, legume hay crops, and, in recent decades, soybeans may have resulted in the loss of cluster 2 frankiae at this site and other cultivated sites in this region.
qPCR data for soil Frankia populations were not exactly matched by targeted Illumina sequencing, which retrieved sequences representing clusters 1a, 1b, 1e, and 3, with all samples dominated by cluster 3 sequences, a small number of cluster 1e reads, and very similar composition of specific reads (   Fig. 3) . Root nodule formation does not seem to be a function of the abundance of specific Frankia populations in soils. More than 70% of A. cordata nodules harbored frankiae of cluster 1e detected by qPCR, but not by Illumina sequencing. The remaining 30% of nodules harbored cluster 1a frankiae that were not detected by either method. Similar results were obtained for nodules of A. glutinosa that harbored cluster 1e frankiae, as expected from detection in soils by both methods. However, most nodules contained cluster 1a frankiae that were not detected in soils by either of the two methods, while cluster 1b frankiae, detected as a major population by qPCR, did not occur in nodules at all. On a more specific scale than cluster assignments, eight distinct sequences were found in root nodules, but only four were found back in soil by Illumina sequencing. Although specific reads from soil samples were detected in nodules, the abundance of reads in soil samples did not reflect their presence in root nodules. These results corroborate previous studies where clone libraries of Frankia-specific nifH gene fragments from soils revealed large differences in cluster assignments to sequences obtained from nodules, with assignments to the same cluster only rarely encountered for individual soils (17) .
These results demonstrate large differences between detectable Frankia populations in soil and those in root nodules, indicating the inadequacy of bioassays for the detection of specific nodulating frankiae in soil and the role of plants in the selection of frankiae from soil for root nodule formation.
The data also highlight the necessity of using a combination of different assessment tools to adequately address methodological constraints that could provide contradictory data sets, or to quantify apparently small, threshold levels of infectious soil frankiae for specific hosts. Future studies could therefore use the availability of pure-culture representatives of different Frankia clusters to assess the reliability of individual assessment tools, including qPCR analyses and Illumina sequencing approaches, for both qualitative and quantitative analyses of Frankia populations in soils and nodules.
MATERIALS AND METHODS
Soil microcosms. Soil microcosms were each established in 50-ml Falcon tubes using 70 g (dry weight) of soil collected from a dense stand of tall (4to 5-m) Elaeagnus angustifolia plants established on a Drummer silty clay loam (taxonomic classification, fine-silty, mixed, superactive, mesic Typic Endoaquoll) in Illinois, USA. The climate is continental, with mean annual precipitation of 940 mm and a mean annual air temperature of 11°C. The fertile soil, formed under tallgrass prairie vegetation at an elevation of 214 m, is slightly acidic (pH 6.9) and rich in organic matter (ca. 3%). The site is adjacent to a temperate deciduous forest and has a history of row cropping, but not in the past 25 years (40.207797, −88.366524). Seeds of all plant species were surface sterilized in 3% hydrogen peroxide for 10 min, washed twice in sterile water for 10 min each time, and then germinated on a water agar. Three microcosms were set up for each plant species, with three seedlings per microcosm, and three microcosms without plants were used for comparison. All microcosms were kept at 23°C with a photoperiod of 16/8 h (day/night, respectively), and a matric potential of −0.005 MPa using round-bottom ceramic suction tubes (8 cm long, with an outer diameter of 6 mm; product no. 0652X02-B01M1; Soilmoisture Equipment Corp., Santa Barbara, CA) and 50-cm water columns (18) .
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Microcosms were harvested after 7 months, and root nodules as well as rhizosphere soil (defined as the soil adhering to plant roots when the plants were removed from the remaining bulk soil) were collected. Root nodules were kept in 100% ethanol at −20°C, while soil was stored at −20°C until further analysis.
Qualitative analyses of Frankia populations in root nodules by sequencing. Root nodules generally consisted of single lobes, which were homogenized in 1 ml of sterile water with a mortar and pestle. The homogenate was centrifuged at 14,000 × g for 3 min, and the pellet was washed once in 1 ml of 1% sodium pyrophosphate. The pellet was then dissolved in 95 μl of sterile water, to which 5 μl of proteinase K solution (10 mg ml ) was added (15, 24) .
This solution was transferred to a 0.5-ml PCR tube and was incubated in a thermocycler at 37°C for 20 min, after which 0.5 μl of 10% SDS solution was added. After incubation at 37°C for 30 min, the proteinase K was inactivated by incubation at 80°C for 20 min.
Primers nifHf1 (5′ GGC AAG TCC ACC ACC CAG C) and nifHr (5′ CTC GAT GAC CGT CAT CCG GC) (38) Sequences were analyzed on a 3500 genetic analyzer (Life Technologies, Carlsbad, CA).
Sequences were assembled in Geneious, v9.1.4 (Biomatters Ltd., Auckland, New Zealand), and were checked in the GenBank/EMBL databases using the BLAST algorithm (39) . Representative sequences from confirmed Frankia strains of all clusters representing nitrogen-fixing frankiae were added from the GenBank/EMBL databases, aligned by the Geneious alignment tool, and trimmed to 516 bp to match those in the database (15) . Geneious was also used to build a neighbor-joining topology based on a distance matrix generated using HKY85 correction from the resulting alignment. Clade confidence values were estimated using 10,000 bootstrap iterations. Maximum likelihood (ML) analyses (40) (22) . Soils had been amended with Salmonella enterica serovar Typhimurium (ATCC 14028) cells to account for extraction efficiencies as described previously (22) . DNA was used in Sybr green-based qPCRs to quantify Frankia clusters or subclusters with either nifH gene fragments (clusters 1 and 3 together) or 23S rRNA gene fragments (clusters 1, 2, 3 and 4, representing the entire genus, and clusters 1a/d, 1b, 1c, 2, 3, and 4 separately) as targets (24) . Amplicons of 23S rRNA gene fragments (about 240 bp generated using primers 23Fra1533f [5′ GTT GAT ATT CCC GTA CCG] and 23Fra1769r [5′ GGC TCG GCA TCA GGT CTC AG]) (24) were also used to reanalyze endophytes in nodules that had been assigned to a phylogenetically distinct group of yet uncultured frankiae without cultured relatives (referred to as cluster 1e) in our nodule analyses ( Fig. 1 ). PCR and sequence analyses were carried out as described above, and selected sequences were deposited in GenBank. Sequences were aligned in Geneious, v9.1.4, and the alignment amended with sequences of target and nontarget organisms from GenBank databases. This alignment was used to design a forward primer specific for 23S rRNA gene sequences of cluster 1e, i.e., primer 113f (5′ GGA TGT GTG TGT GAG GTC GGG A), which could be used with reverse primer 23Fra1769r in Sybr green-based qPCR (23, 24) . Primer 113f had 3 mismatches to Frankia strain ARgP5 (previously assigned to cluster 1d) and 5 or more mismatches to sequences of all other previously tested strains and uncultured endophytes in root nodules (23, 24) . The potential of self-dimer and heterodimer formation, target specificity, and qPCR conditions were checked as described before (24) . Briefly, low potential of self-and heterodimer formation was checked in OligoAnalyzer, v3.1 (Integrated DNA Technologies), while target specificity was checked using TestPrime 1.0 and TestProbe 3.0 (45) from the SILVA rRNA database project (www.arbsilva.de; accessed 29 July 2017) (46) . TestProbe revealed a high specificity of primer 113f, with at least 4 or 5 mismatches to nontarget organisms (a Sulfolobus sp. and Haemophilus influenzae, respectively), while TestPrime on the combination of primers 113f and 23Fra1769r generally retrieved organisms showing at least 9 mismatches (5 and 4) to primers 113f and 23Fra1769r, respectively. Sequences of target organisms for cluster 1e were not available in the database, and neither TestPrimer nor TestProbe retrieved Frankia sequences based on the search limit of 5 mismatches.
Sybr green-based analyses were carried out in triplicate in a total volume of 10 μl containing 5 μl of SsoAdvanced Sybr green mixture (Bio-Rad, Hercules, CA), 0.125 μl of forward and reverse primers (100 nM each), and 1 μl of DNA template using an initial denaturation at 95°C for 5 min, 40
cycles of denaturation at 95°C, annealing at 62, 64, or 66°C, depending on the primer combination, and extension at 72°C, each for 30 s (21, 23) . The annealing temperature for primer 113f was 64°C. The amplifications were followed by melting curve analyses. The results of all analyses were corrected for extraction efficiencies, determined as the ratio of inoculated Salmonella cells detected by qPCR-based quantification of a 268-bp invA gene fragment before and after extraction (22) .
Qualitative analyses of Frankia in soil by Illumina sequencing. A second set of triplicate rhizosphere samples was used to extract DNA without the addition of Salmonella cells. DNA was used in a nested PCR using the nifH gene of Frankia as the target for amplification as described before (25) . Briefly, 
